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ABSTRACT: High-valent Fe—OH species are important intermediates in OH,
hydroxylation chemistry. Such complexes have been implicated in S&—I—éﬁ O  orCe(lV) N
mechanisms of oxygen-activating enzymes and have thus far been observed ) re~ —_— i
in Compound II of sulfur-ligated heme enzymes like cytochrome P4S0. NN
10 Attempts to synthetically model such species have thus far seen relatively little 0 't
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11 success. Here, the first synthetic Fe'"OH, complex has been generated and S=372 S=2

12 spectroscopically characterized as either [LFe'VOH]™ or [LFe'OH,]°, where

13 H,L = Me,C,(NHCOCMe,NHCO),CMe, is a variant of a tetra-amido macrocyclic ligand (TAML). The steric bulk provided
14 by the replacement of the aryl group with the —CMe,CMe,— unit in this TAML variant prevents dimerization in all oxidation
15 states over a wide pH range, thus allowing the generation of Fe''OH, in near quantitative yield from oxidation of the

16 [LFe™OH,]™ precursor.

17 l INTRODUCTION

18 Cytochrome P450 enzymes activate dioxygen to functionalize a
19 broad range of biologically active molecules.” After dioxygen
20 activation, cytochrome P450 generates a Compound I state
21 composed of an Fe'VO with a porphyrin radical cation, two
2 oxidizing equivalents above the resting Fe' state. Compound I
23 then abstracts a hydrogen atom from the substrate to form an
24 Fe'YOH species (Compound II) and substrate radical, which
25 rapidly forms a hydroxylated product and Fe'. The efficiency
26 of the enzyme in this process has been tied to the stability of
27 the protonated Compound II intermediate, which in turn is
28 assisted by an electron-rich thiolate residue ligated axially to
29 the heme. Hydrogen bonding to nearby residues may also
30 stabilize the protonated Compound II intermediate and
31 prevent unproductive oxidation of nearby tyrosine residues.””*
32 Green et al. suggest the axial thiolate lowers the reduction
33 potential of the iron and increases the pK, of Fe'YO to ~12,
34 thereby preventing oxidation of nearby Tyr and Trp residues.”
35 Attempts to synthetically model Fe'VOH species have been
36 thus far not successful. Hill et al. describes work on a
37 protonated Fe'YO complex with H-bonding interactions to
38 support the oxo unit, but protonation was found to occur on
39 the ligand rather than the iron—oxo unit.” Zaragoza et al.
40 report an iron corrole complex one redox level above Fe'"OH
41 but caution that it could be an Fe™(corrole*®) complex.6 Here,
42 we present evidence that a stable synthetically generated
43 LFe'YOH/LFe'VOH, species is produced from a recently
44 developed Fe™ variant of TAML activator 1 that represents a
45 “beheaded” version of prototype TAML macrocycle 2, in
46 which the benzene rin_g is replaced with the tetramethylated
47 ethyl unit (Figure 1).” Complex 1 was shown to have the
48 highest pK, (11.4) of all Fe"" TAML variants ([1-Fe"'(OH,)]~
49 2 [1-Fe™(OH)]>™ + H'), and the Fe'O state of 1 was
s0 observed to be remarkably stable in water at room temperature
st in a wide pH range.”” Furthermore, the substitution of the
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planar aryl ring with the out of plane methyl groups increased s2
steric interaction to discourage Fe'(u-oxo) dimer formation, s3
as dimer formation occurs for other TAML compounds.” The s4
lack of aromatic rings in 1 also stabilizes higher iron oxidations ss
state rather than ring oxidation, as has been previously s6
observed for some TAML variants.'”'' The decreased acidity s7
of the Fe'" center of 1 suggested the possibility of stabilizing an ss
FeVOH species. Replacement of the aryl group with the so
—CMe,CMe,— unit, in addition to the strong electron 6o
donating amide donors of TAML, could provide an overall 61
electron donation to the iron of the S-coordinate complex that 62
is comparable to that of 6-coordinate P450-type iron sites with 63
an axial thiolate ligand. 64

As reported previously, the coordination environment of 65
iron in 1 varies as a function of pH, with [1-Fe'(OH,)]™ 66
dominating below pH 11.4 and [1-Fe"'(OH)]*" at pH > 1147 &
Previous results indicated that 1 reacted with NaClO via two 68
distinct, pH-dependent oxidation pathways: Fe' reacts with 69
NaClO with a 1:1 stoichiometry at pH below 10.5 to 70
immediately generate Fe'O, while above pH 10.5, the 71
stoichiometry is 2:1 (Fe"/NaClO) to generate the monomeric 72
Fe'VO species. The formation of a stable Fe'O species at room 73
temperature in water at such a wide pH range was 74
unprecedented.® The stability of these high-valent species 7
offered greater accessibility for studies of their spectroscopic 76
properties. The absence of Fe'V(u-oxo) dimers as oxidation 77
products was attributed to the steric hindrance from the four 78
out-of-plane methyl groups. Furthermore, given the enhanced 79
stability of the both high-valent species and the increased pK, so
of the axial water ligand of [1-Fe"(OH,)]" relative to that of s1
other TAMLs, it was conceivable that the pK, of the oxo unit s2
of the Fe'O state is also higher. Upon Fe'"' oxidation in water 83
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Figure 1. TAML activators used or mentioned in this work.
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Table 1. Electronic and Nuclear Parameters of Selected TAML Complexes”

complex spin & (mm/s) AEq (mm/s)

—0.48 +4.7
[1-FeVO]"~ 1/2

—0.48 +4.85

—-0.20 +4.11
[1-FeVO]* 1

—-0.18 +3.53
green exp. 2 -0.12 +0.65
[1-Fe"OH]~ 2 —0.12 —1.01
[1-Fe'VOH,]° 2 —-0.13 +1.37

-0.19 +3.95
[2-FeVO]* 1

-0.17 +3.35

—0.04 —0.89
[4-FeVCI]™ 2

—0.06 —0.99

D (ecm™) E/D A (T)" n ref
—48, +1, 0 0.7 N
—40, —6, —1 0.8

+25(2) - -27, =29, -3 0.03 b

+10 —-26, =25, =§ 0.07

-3.5(5) 0.14 —14, —18, —9° 0.7

-15 0.06 —16, —16, =9 0.4 b

—-1.8 0.02 —16, —15, =10 0.6

24(3) - —27, =27, +2 0 2%
—24, —24, —4 0

-2.6 0.14 -18, —15, —11 0.2 .

11 0.08 —17, —16, —11 0.4

“DFT-calculated parameters are in italic. DFT values obtained by adding the experimental value for the isotropic value of A to the A(spin-dipolar)
from DFT. “This work. “Both A- and EFG-tensors are rotated about y-axis by 20°.

in absence of ClI7, all known TAMLs are observed as either
Fe™O or Fe'(u-oxo) dimers, suggesting that either the pK, of
the oxo unit is low or the protonated form is unstable and leads
to the dimer formation. Here we explored the possibility of
generating a protonated Fe'VO species at low pH and were able
to successfully observe a low pH Fe!" species with markedly
unique spectroscopic properties distinguishing it from all
known FeVO TAML compounds. We use spectroscopic and
DFT methods to demonstrate the generation of the first
synthetic Fe"'OH or FeVOH, species.

B METHODS

1 Preparation and *’Fe Enrichment. 1 was prepared as
previously described.” ’Fe-enriched 1 was prepared by metalation
with *Fe-enriched FeCly. *’FeCl; was synthesized by bubbling HCI
gas through a suspension of *’Fe powder in ethanol. After 2 h the
solvent was removed by rotary evaporation. The remaining solid was
put under high vacuum overnight and used without further
purification. The solid was purified by column chromatography on
basic alumina using CH,Cl,/MeOH/NEt; (90%/5%/5%) as
described previously."

Electrochemistry and Spectroelectrochemistry of 1. Electro-
chemical studies were performed with an Autolab PGSTAT100. The
working electrode was a glassy carbon disk, with a saturated calomel
reference electrode and platinum wire counter electrode. For bulk
electrolysis, the working electrode was a platinum coil. Samples were
brought to the appropriate potential, and then quickly transferred to
cuvette, EPR, tube, or Mossbauer cup for analysis by electronic
absorption, EPR, or Mdossbauer spectroscopy, respectively. For
chemically oxidized samples, one equivalent of a fresh cerium(IV)
ammonium nitrate solution in 0.1 M HCIO, was added to produce
the Fe** complex.

EPR and Mdssbauer Spectroscopies. X-band EPR spectra were
recorded on a Bruker ELEXSYS spectrometer equipped with an
Oxford ESR-910 liquid helium cryostat and a Bruker bimodal cavity
for generation of microwave fields parallel and transverse to the
applied magnetic field. The quantification of all signals was measured
relative to a CuEDTA spin standard prepared from a copper atomic

absorption standard (Sigma-Aldrich). The microwave frequency was
calibrated with a frequency counter, and the magnetic field was
measured with a NMR gaussmeter. The sample temperature was
calibrated against a calibrated cernox sensor (Lakeshore CX-1050)
mounted inside an EPR tube. A modulation frequency of 100 kHz was
used for all EPR spectra. MGssbauer spectra were recorded on either a
variable field or a weak-field spectrometer operating in a constant
acceleration mode in a transmission geometry using Janis Research
Inc. cryostats that allow for a variation in temperature from 4 to 300
K. One of the dewars housed a superconducting magnet that allowed
for the application of magnetic fields up to 8 T parallel to the y-
radiation. Isomer shifts are reported relative to Fe metal at 298 K. The
simulation software SpinCount was written by one of the authors."
The software diagonalizes the electronic terms of the spin
Hamiltonian:

H=fS-gB + S-D-S + SAI — g AB-1 + I-P-I
$:D-S = D[S, — S(S + 1)/3 + (E/D)(S,” — 8,)]

LP-I = (eQV,,/12)[3L° — (I + 1) + n(1” — 1,)]

where the parameters have the usual definitions,'* and performs least-
squares fitting of simulations to the spectra. The quantitative
simulations are generated with consideration of all intensity factors,
which allows computation of simulated spectra for a specified sample
concentration.

NRVS Methods. The ’Fe nuclear resonance vibrational spectros-
copy (NRVS) data were recorded using published procedures on
multiple occasions at beamline 3-ID at the Advanced Photon Source
(APS).">'° The incident flux provided by the beamline is ~2 x 10°
photons/s in a 1 meV bandwidth centered at 14.4125 keV in a 1 mm
(vertical) x 3 mm (horizontal) spot. The monochromators used in the
experiment consisted of a water-cooled diamond (1,1,1) double
crystal with 1.1 eV bandpass, followed by two separate Si(4,0,0) and
Si(10,6,4) channel-cut crystals in a symmetric geometry. During the
measurements, samples were maintained at low temperatures using a
closed-cycle helium cryostat. The temperature for individual spectra
were calculated using the ratio of anti-Stokes to Stokes intensity
according to S(—E) = S(E) exp(—E/kT) and were generally in the
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154 range of 40—80 K. Spectra were recorded between —40 and 120 meV
155 in 0.25 meV steps. Delayed nuclear fluorescence and iron K
156 fluorescence (from internal conversion) were recorded with a single
157 avalanche photodiode detector (APD) with 1 cm® detection area.
158 Each scan required about 50 min, and all scans were added and
159 normalized to the intensity of the incident beam. The *Fe partial
160 vibrational density of state (PVDOS) was extracted from the raw
161 NRVS data using the PHOENIX software package."’

162 DFT Methodology. The isomer shift (5), quadrupole splitting
163 (AEg), and spin-dipolar contribution to the A values in Tables 1 and
164 S1 were obtained for optimized geometries, using the hybrid
165 functional B3LYP and basis set 6-311G provided by G'09."* AEq
166 was converted from atomic units to mm/s using the conversion factor
167 —1.6 mm s~'/AU; the & calculations used a TAML adapted version of
168 caliblrations,19 obtained by adding —0.0S mm/s to the & values from
169 the original calibration. The calculation for the NRVS vibrational
170 energies used BP86/TZVP optimized geometries and frequencies to
171 which no scaling factor was applied. The DFT values for the zero-field
172 splitting parameter D listed in Table 1 were obtained for the G'09
173 B3LYP/6-311G optimized structures with the program suite ORCA
174 developed by Neese and co-workers,”® using functional B3LYP and
175 basis set def2-TZVP(-f).>"** The frequency analysis for Figure 5 was
176 performed with BP86/TZVP using G'09. The NRVS spectra were
177 generated by using the DFT normal mode energies as line positions
178 and the S’Fe displacements for evaluating the line intensity factors.”®

179 Il RESULTS

180 Electrochemical Evidence for a Fe' Species. The [1-
181 FeYO]™ species is cleanly produced when 1 is oxidized by the
182 two-electron oxidant NaClO at pH 2.*** No indications for
183 the intermediacy of an Fe'" species were revealed when the
184 reaction was followed by electronic absorption spectroscopy
185 consistent with the concerted 2e™ oxygen transfer mechanism
186 of reaction 1.

OH, |c|> -

—Fell=— +CIO" —— ==FeV= +CI'+H,0

187 In contrast, cyclic voltammetry (CV) and differential pulse
188 voltammetry (DPV) scans applied to 1 at pH 2 gave evidence
189 for an intermediate species. There were two reversible features
190 in the CV of 1 in the range of 0.0—1.5 V vs SCE (Figure 2A).
191 The waves at 0.89 and 1.25 V are consistent with Fe'" and
192 FeV/V transitions, respectively. The DPV of 1 (Figure 2A)
193 provides further evidence for two species and shows current
194 amplitudes of equal intensity, and hence a similar number of
195 electrons are moved (one) within each. Cyclic voltammograms
196 (CVs) up to 1.1 V vs SCE as a function of pH are shown in
197 Figure S2. Between pH 3 and 10.5, the CV ceased to exhibit
198 reversible characteristics suggesting an unstable species (Figure
199 S2). However, at pH 2.0, 2.5, and 3.0, the CVs are very similar
200 to the peak separation of approximately 60 mV, indicating that
201 the protonation state of the complex does not change for the
202 Fe™V transition.

203 Although all TAMLs of previous generations provided
204 noninformatively broad and poorly reproducible CVs in
205 water,” 1 was an opposite case revealing Nernstian one-
206 electron CVs at pH 2 for Fe™V and Fe”V. The peak
207 separation of 58 mV, was near the ideal limit of 59 mV for
208 reversible one-electron transfer. Furthermore, identical anodic
209 and cathodic currents (i, = i.) and linearity of i, or i, against
210 v'/? (square root of the scan rate) were observed for v in the
211 ranges of 10—150 mV s™! and 0—1 V (Figure SI).

212 The CVs of 1 changed significantly upon increasing the pH
213 to 13.0 (Figure 2B). As at pH 2.0, the Fe'/V and Fe!V/V
214 transitions were reversible and peak currents were similar. At
215 pH 13.0, the axial ligand of 1 was shown previously to change

—

00 02 04 06 08 110 12 14

Lo bdd T I 1. i

00 02 04 06 08 10

Potential vs SCE /V

Figure 2. CV and differential pulse voltammograms (DPV) of 1 (1 X
1073 M) at (A) pH 2 and (B) pH 13. Conditions: aqueous buffer (0.1
M phosphate/citrate/borate) at 25 °C, glassy carbon electrode, scan
rate 0.1 V/s.

from [1-Fe™(OH,)]'~ to [1-Fe™(OH)]*~ with pK, = 11.4.7 216
Thus, we expect the ground states for the CV of Figure 2 to 217
differ by a proton. At pH 13.0, the final states for Fe'” and Fe" 21s
species were [1-Fe™VO]*™ and [1-Fe'O], respectively, as 219
shown below. Therefore, it was expected that E,,, for the 220
Fe'/V transition was pH-independent, while E, s, for the 221
Fe'"! transition shifted to a more negative potential as the pH 222
increased in the range of 10.5—13.5 with a slope of 50 mV/pH 223
(Figure S2), close to the Nernstian value of S9 mV/pH 224
anticipated for a IH"/1e” coupled electron transfer. 225
DPV data were previously reported for 2 obtained under 226
basic conditions (pH 12.6) when the Fe," (4-O) dimer is not 227
formed and [2-Fe'YO]*~ is the only species present.” Two 228
peaks were observed at 0.66 and 0.88 V vs SCE. The waves 229
were assigned to the Fe'™ and Fe'¥/V transitions, respectively. 230
The results of this work support those assignments. The 231
elimination of the Fe,"(u-O) dimer was achieved in 2 by 23
increasing pH, and in 1 by introducing steric bulk. 233
Based on the above electrochemical results, we performed 234
bulk electrolysis at both pH 2 and pH 13 to generate iron 235
species for spectroscopic characterizations. Application of a 236
constant potential of 1.2 V vs SCE at pH 2, just below the 237
onset of the second event, generated an electronic absorption 238
spectrum of a new green species (Figure 3A) with 4,,,, = 620 23963
nm (e = 5100 M™' cm™). The spectrum of this green species 240
was reproduced by one electron oxidation of 1 with 241
(NH,),[Ce(NO;)¢] (Figure S3); therefore, the spectrum of 242
Figure 3A corresponds to an Fe'' species. Application of a 243
constant potential of 1.5 V vs SCE at pH 2 generated a species 244
with A, = 450 nm in 72% yield with an electronic absorption 245
spectrum (Fi%ure 3B) identical to that of [1-Fe'O]~ generated 246
with NaClO.” The [1-FeVO]™ species converted to the new 247
green species (A, = 620) with a pseudo-first-order rate 24s
constant kg, of 0.013 + 0.03 s™" at 13 °C. In turn, the green 249
species decayed further to afford a mixture of 1 together with 250
products of its degradation with kg, of (3.1 £ 0.2) X 1073 s7%. 251
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Figure 3. Spectra generated by bulk electrolysis of 1 mM 1 at 1.2V, pH 2 (A); 1.5V, pH 2 (B); and pH 13 (C). Conditions: 0.1 M NaClO, at 0
°C. Spectra A and B are recorded every S and 10 min, respectively. The first three spectra from bottom in C were obtained after 10, 20, and 40 min
at electrode potential of 0.75 V. The next three spectra were generated at 10 min intervals after increasing the voltage to 0.85 V. The final two

spectra are at 10 min intervals after increasing the voltage to 1.2 V.

252 The effect of raising pH on the green species was not examined
253 owing to the short lifetime of the species.

254 At pH 13, only the [1-Fe™VO]*™ species (A = 410 nm)
255 could be generated via bulk electrolysis at 1.2 V in 73% yield
256 (Figure 3C). No spectroscopic features of the [1-Fe'O]~
257 species were observed despite the evidence from CV for its
258 existence. This agrees with previous results that demonstrated
259 oxidation of 1 by NaClO at pH 13 formed only [1-Fe'VO]*;
260 thus, [1-Fe'O]™ at this pH was not stable.” When the [1-
261 Fe'VOJ]*~ species was acidified to pH 2 with concentrated
262 phosphoric acid, the compound underwent rapid disproportio-
263 nation to afford equal quantities of [1-Fe™(OH)]*™ and [1-
264 FeYO]™ derivatives as shown by UV—vis spectroscopy.

s Spectroscopy of S = 1 [1-Fe'VO]?~ Species. In our effort
266 to determine the properties of the new green species (Aq =
267 620 nm), we first present results for [1-Fe’VO]*™ (1., = 410
268 nm) and [1-FeVO]'™ (4, = 450 nm). The latter two species
269 have been partially characterized previously® and are similar to
270 other previously well characterized TAML complexes.”*™**
271 The additional characterization presented here highlights the
272 significant departure of electronic properties of the new green
273 species (A, = 620 nm) from other TAML species.

274 An “"Fe-enriched sample of 1 was oxidized by 1 equiv of
275 NaClO at pH 13 to form [1-Fe'VO]*~ with A, = 410 nm.
276 Prior to oxidation, the EPR and Moéssbauer spectra reproduced
277 the published spectra of 1.° After oxidation, the EPR spectrum
278 of a corresponding sample showed loss of the Fe'" species, with
279 no new signals appearing. Figure 4 shows Mossbauer spectra of
280 the oxidized species recorded with variable temperatures and
281 fields. In low field, the oxidized species has parameters of 6 =
282 —0.20 mm/s and AEq = +4.11 mm/s which are in agreement
283 with a previous report.” Here, the magnetic field dependence
284 of the species are presented, from which are derived additional
285 electronic and hyperfine parameters. The sample showed 85%
286 conversion to Fe'V with 15% of unreacted 1 which was best
287 observed in Figure 4C from the peaks near 0 and 4 mm/s
288 marked by arrows. For S = 1 iron centers with a large zero-field
289 parameter (D > 20 cm™'), the m, = + 1 states populate
290 measurably at temperatures above 25 K, making the spectra
201 sensitive to the A-tensor and D-value. These values were
202 determined from the simulations as shown in Figure 4 and
203 listed in Table 1. The values for D, 6, AEq and the A-tensor are

o
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5 3 g 1 3 5
Velocity (mm/s)

Figure 4. Mossbauer spectra of [1-Fe™O]*™ prepared from oxidation
of 1 at pH 13 oxidized with 1 equiv of NaClO. The spectra were
recorded at the applied fields and sample temperatures listed in the
figure. The black traces are simulations using the parameters given in
Table 1 for S = 1.

all close to those of previously characterized monomeric S = 1 294
Fe'YO complexes of TAML.”*° 295

NRVS were recorded on the ’Fe-enriched MGJssbauer 296
sample of [1-FeVO]*~ generated at pH 13 used for the spectra 297
of Figure 4. The NRVS-derived >'Fe partial vibrational density 29s
of state (PVDOS) spectrum at 40 K is shown in Figure SB. 299
The spectrum exhibits a peak at 763 cm™" which was attributed 300
to an Fe''—O vibration. This value is at the lower end of the 301
range of characterized nonheme Fe''—O vibration energies 302
and is comparable to the Fe'Y—O vibration at 798 cm™" for the 303
species generated from oxidation of 3.°”°° The spectral 304
features below 600 cm™" can be attributed to Fe—N vibrations 30s
from the TAML ligand. 306

Spectroscopy of S = 1/2 [1-FeYO]'~ Species. Fe- 307
enriched samples of 1 were oxidized with 3 equiv of NaClO at 308
pH 1 and 7. Previously, the resulting oxidized species was 309
found to be stable at room temperature in water in the pH 310
range of 1—10.5, and characterized by electronic absorption, 311

—
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0 200 400 600 800 1000
Fregency, cm

Figure . NRVS of oxidized complexes (red traces): (A) [1-Fe¥0]",
pH 13, (B) [1-Fe™O]*", pH 13, and (C) 620 nm green species. The
black traces are simulations from DFT frequency calculations with
(solid) and without (dashed) hydrogen bonding to solvent water
molecule(s); one water for A and C, and two waters for B.

312 EPR, and Méssbauer spectroscopies to be [1-Fe'O]'".*
313 Mossbauer spectra of the pH 1 and 7 samples confirmed
314 generation of the same [1-Fe'O]'™ species in 78% yield. The
315 NRVS-derived "Fe PVDOS spectrum of [1-Fe'O]'~ showed
316 an intense peak at 876 cm™" which was attributed to the Fe"—
317 O vibration (Figure SA). The high value is consistent with a
318 shorter bond length expected for Fe'—O relative to Fe'"'—O
319 and is comparable to the previously reported Fe'—O vibration
320 at 862 cm™" for the species generated from oxidation of 3. In
321 addition, the "Fe PVDOS spectrum was identical for samples
322 prepared at pH 1 and 7.

323 Spectroscopy of Green Fe'V Species. As described
324 above, the electrochemical data indicated the presence of a
325 Fe™V couple at a potential of +0.89 V for pH 2. Both bulk
326 electrolysis at +1.2 V, pH 2 of 1 and oxidation of 1 with 1.1
327 equiv of Ce' at pH 1 and 2 generated a stable new green
328 species with 4,,,, = 620 nm (Figure 3A). Mossbauer, EPR, and
329 NRVS samples of the green species were prepared similarly by
330 oxidation of 1 with Ce" at pH 1. The Mossbauer spectra
331 recorded at a temperature of 4 K are shown in Figure 6. The
332 spectrum in zero magnetic field was composed of two species.
333 The major species (87% of total iron) had parameters of § =
33 —0.12 mm/s and AEq = +0.65 mm/s (Table 1). The minor
335 species (13% of total iron) showed a doublet with parameters
336 of 6 = —0.48 mm/s and AEQ = 4.7 mm/s. The EPR spectra
337 will be discussed below and required a high-spin S = 2 iron
338 center for the major species. The Mdssbauer simulations of the
339 majority species shown in Figure 6 are for § = 2 and
340 determined the parameters given in Table 1. The parameters of
341 the minority species matched those for [1-FeYO]™ at pH 1,
342 and its presence is consistent with a slight excess of Ce'" used
343 in oxidation of 1.° The high concentration and low pH of the
344 sample likely contributed to some aggregation and increased
345 electronic relaxation rates to generate a doublet, rather than a
346 magnetic pattern for the S = 1/2 [1-FeO]™ species.

—_

—

D H N O

% Absorption
N = 0 W N = O

W N = O
T

§ 6 4 2 0 2 4 6 8
Velocity (mm/s)

Figure 6. Mossbauer spectra of 620 nm green species recorded at 4.2
K for magnetic fields listed. The simulations (black traces) are
calculated for § = 2 with the parameters listed in Table 1. The outer
features in A at ca. —2.5, 2 mm/s are from a minor amount of [1-
FeVO]™.

An EPR spectrum of the green species is shown in Figure 7. 3477
In perpendicular mode, the S = 3/2 EPR signal of 1 vanished. 348
In parallel mode, a new resonance was observed near g = 11. 349
This same signals as observed by EPR and Mossbauer 350
spectroscopies were also observed from samples containing 3s1
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Figure 7. Parallel mode EPR spectra (red, 9.331 GHz, 0.2 mW, 6 K)
and simulation (black) of the 620 nm green species. Simulation
parameters: S =2, D = =3.5 cem™}, E/D = 0.14, g. = 2.2. Inset: Signal
intensity times temperature versus temperature (o) fitted to the %
population of the ground doublet of the S = 2 multiplet for D =
—3.5(5) ecm™ (dashed lines are +1 cm™).
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352 the green species that were produced from bulk electrolysis of
353 1 as described above. Thus, the spectroscopy of the green
354 species described here is independent of the two methods of
3ss oxidation. The EPR signal intensity was measured as a function
356 of temperature and is shown in the inset of Figure 7. The
357 spectrum and temperature dependence of Figure 7 were
358 simulated using eq 1 for S = 2, and the results are overlaid on
359 the data for the parameters given in the caption. The
360 simulations allow measurement of the species concentration,
361 which gave a concentration in agreement with the iron
362 concentration of the sample and unambiguously identify the
363 green species as an S = 2 species. The parameters are in
364 agreement with those determined from the Mossbauer spectra.
36s Thus, the EPR and M0ossbauer data indicate that the new green
366 species is high-spin S = 2 Fe'".

367 The high-spin configuration of the new green species is rare
368 when compared to previously characterized Fe' complexes of
369 TAML. The only other known Fe'¥ TAML high-spin S = 2
370 complex is [4-Fe'VCl]™ (Figure 1). *' The Mbssbauer
371 parameters of the green sgeqes are also comparable to those
372 of [4-FeVCI]™ (Table 1).”' As for [4-Fe'Cl]™, the isotropic
373 value of the A-tensor is —14 T; a value which is considerably
374 lower than the expected free ion Fe*' value of approximately
375 —35 T. The significantly more positive value is attributed to
376 metal bond covalency of TAML. To demonstrate that the new
377 green species is unrelated to the chloride complex, samples
378 were passed through an anion exchange column to remove any
379 residual Cl” ions from the starting material. After treatment
380 with 1 equiv of Ce*, the resulting green species gave the same
381 EPR signal as that in Figure 7. Furthermore, samples prepared
382 in the presence of 1 M CI~ and oxidation with 1 equiv of Ce**
383 showed a new parallel mode EPR signal from an S = 2 species
384 at ¢ = 14.7 with different zero-field parameters than those of
385 the green species (Figure S4), indicating substitution of the
386 axial ligand for chloride. This is consistent with the low affinity
387 of TAML variants for ClI” in an aqueous environment
388 (Kp(CI7) > 0.5 M).*

389 NRVS-derived “"Fe PVDOS spectra of the green species,
390 from the same Mossbauer sample used in the spectra of Figure
391 6, are shown in Figure SC. The Fe'=0 and FeV=0
392 vibrations at 876 and 763 cm™" observed from [1-FeYO]'~ and
393 [1-FelVO]*, respectively, were both absent, which indicates a
394 change in the axial ligand for the green species. For an
395 FeYOH, (n = 1 or 2) species, the elongated Fe—OH, bond
396 when compared with Fe-oxo bond may result in dramatic red
397 shift of the Fe—OH,, stretching vibration to a spectral region
398 where spectral features are dominated by other metal—ligand
399 vibrational bands (<600 cm™).

w00 DFT Calculations of [1-FeYO]~. DFT calculations of the
401 several high-valent Fe-TAML adducts were performed with the
402 aim of identifying the structure of the low-pH green species on
403 the basis of its hyperfine parameters, zero-field splitting, and
404 vibrational frequencies. DFT calculations of [1-Fe'O]~
405 generated Mossbauer parameters in close agreement with
406 experiment (Table 1). The parameters did not vary
407 significantly from those for [2-Fe'O]™ and [3-Fe'O]". 827
408 Simulations of the NRVS-derived *’Fe PVDOS spectra (Figure
409 5) were generated from DFT frequency calculations as
410 described in the Methods. The DFT value of v(Fe—Q) for
411 [1-FeY0O]" of 909 cm™ (Figure SA, dashed line) was higher
412 than the experimental value of 876 cm™'. DFT-calculated
#13 V(Fe—O) energies often are higher than experiment and have
414 been empirically corrected by a multiplication factor smaller

[

[

[

than 1, of which the value depends on the functional/basis set 415
combination used. However, without an empirical correction, 416
the DFT simulated NRVS spectrum is in approximate 417
agreement with the lower energy bands (400—500 cm™) 418
that are principally Fe—N vibrations. Changing the frequency 419
scale by an empirical factor that would align the v(Fe—O) 420
energy with experiment would then shift the Fe—N bands out 421
of agreement. Instead, we expect in aqueous solution that 422
water is likely forming hydrogen bonds to the oxo of the FeO 423
unit. A molecule of water at hydrogen bond distance was 424
added, and the optimized structure showed retention of the 425
hydrogen bond to the water. The DFT-simulated NRVS 426
spectrum with the addition water (Figure SA, solid line) 427
showed a 25 cm™' downward shift in the v(Fe—O) energy to 42s
884 nm™, bringing the band close to experiment but without 429
causing changes in either the Fe—N bands or hyperfine 430
parameters (cf. Table S1). As shown below, the addition of 431
water with hydrogen bonds to the iron—oxo unit were found to 432
have a similar effect for the other complexes. 433

The v(Fe—0) vibration of [1-FeYO]'~ at 876 cm™" is higher 434
than that of [3-Fe'O]'~ at 862 cm™'.*’ The DFT value of 435
v(Fe—0O) for both complexes is approximately equal, 436
suggesting that the increased basicity of the 1 macrocycle is 437
not the cause of the different experimental values of v(Fe—0). 438
Similar to [1-FeVO]', the low value for [3-Fe"O]"'™ relative to 439
the DFT value suggests that hydrogen bonds possibly from 440
water may also be present in [3-Fe'O]'". 441

DFT Calculations of [1-Fe"VO]?~. DFT calculations of the 442
[1-Fe"O]*" complex gave Mossbauer parameters, including 443
isomer shift, quadrupole splitting, and magnetic hyperfine 444
parameters, that were in good agreement with experiment 44s
(Table 1). DFT calculations were also performed on [2- 446
FeVO]*™ and 2-FeV,(u-oxo) and gave a similarly good 447
agreement (Table S1). In addition, these calculations show 44s
that the electronic properties of the FeYO complexes are 449
similar across different TAML variants. The NRVS-derived 4s0
S’Fe PVDOS spectrum of [1-Fe™VO]*~ showed a v(Fe—0) 451
vibration at 764 cm™". This value was considerably lower than 52
the v(Fe—O) energies in other Fe'VO complexes, with [3- 453
Fe'VOJ* having the next lowest (Fe—0) at 798 cm™.*’ The 454
increased basicity of the 1 macrocyle is expected to the lower 4ss
v(Fe—0O) energy, as was suggested for 3 previously.3o DFT 4s6
calculations gave v(Fe—O) energies at 825 cm™' for [1- 457
Fe™VO]*>~ (Figure 5B, dashed line). As with [1-Fe'O]", the 4ss
DFT-calculated v(Fe—O) energy was significantly higher than 4so
experiment. In aqueous solution, [I—FeIVO]Z_ may form a 460
hydrogen bond between the iron—oxo unit and water. 461
Inclusion of hydrogen bonds of Fe'VO compounds has been 46
shown to assist in more accurate modeling of electronic 463
parameters by DFT for [2-Fe'VO]*~.*° Indeed, when two water 464
molecules were added to form a hydrogen bonds with the oxo 465
in [1-Fe'VO]*", the DFT-calculated v(Fe—O) energy dropped 466
to 763 cm™, in close agreement with experiment (Figure 5B, 467
solid line). As in the case of the [1-Fe'O]", the changes in the 46s
hyperfine parameters caused by the hydrogen bonds are minor 469
(Table S1). 470

DFT Calculations of the Green Fe' Species. The 471
change in spin state and lack of an observable v(Fe—O) band 472
in the low-pH green Fe' species implied a significant 473
coordination change from Fe'O at high pH. Two types of 474
structural changes were considered that could change the Fe— 475
O interaction in Fe'YO. The generation of the green Fe'' 476
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species at low pH implied protonation of either the iron—oxo
unit or the macrocycle.

Previously, a protonated complex of [Fe'VHbuea(O)]~
(Hzbuea = tris[ (IN'-tert-butylureaylato)-N-ethylene Jaminato)
was suspected to have been Fe'YOH, but careful analysis
indicated instead that the ligand was protonated.” To rule out
ligand protonation in this situation, rather than FeO
protonation, DFT optimization of [1-Fe"YO]*~ protonated
on one of the amido nitrogens in the 1 macrocycle was
performed to mimic a partial reversal of the deprotonation
required in the metalation process. The calculation indicated
that ligand-protonated [1-Fe'VO]*~ retained a v(Fe—O) band
at 763 cm™! which is absent in the NRVS data for the green
species and that the hyperfine parameters differ significantly
from those of the green species (cf. Table S1). Similarly, NRVS
spectra of [Fe'VH,buea(O)]™ showed the v(Fe—0) frequency
did not change upon protonation, which was cr1t1cal evidence
to support ligand rather than oxo protonation.” Accordingly,
the loss of the v(Fe—Q) vibration at 763 cm™" in the green
Fe'v species implicates a change from oxo coordination.

Protonation of the iron—oxo unit could suggest either
Fe"VOH or FeVOH, formation. DFT optimizations of [I-
Fe"VOH]™ and [1-Fe'VOH,]° were next performed. ORCA
calculations of the axial zero-field parameter D showed that its
sign was negative and in approximate agreement with
experimental data. The Mossbauer parameters from DFT are
in good agreement with experimental data (Table 1).
Protonation of the iron—oxo unit to give [1-FeVOH]™ was
calculated to lengthen the Fe—O bond from 1.67 to 1.94 A.
The longer Fe—O bond length coincided with a marked drop
in the v(Fe—O) energy to 475 cm™" (Figure SC, dashed line).
When a hydrogen bond to a water molecule was included, the
v(Fe—O) energy further dropped and the band split into two
features at 463 and 447 cm™' (Figure SC, solid line). The
protonation induced lengthening of the Fe—O bond leads to a
decrease in the energy of the d,> orbital to permit a high-spin
configuration, (d,,)(d,.)(d, )(d »); such an electronic state
change would also elicit the large changes to 6 and AEq
observed experimentally and reproduced with DFT. The latter
configuration differs from the low-lying excited S = 2
(dy)(d)(d).)(dey?) conﬁguratlon that gives rise to the
large zero-field splitting in S = 1 Fe'V-oxo species (Table 1) by
spin— orblt interaction with the § = 1 (d,;?)(d,,)(d,,) ground
state.”” The change of ground state in [1-FeOH]~ dlsables the
mechanism that gives rise to the large D value in S = 1 Fe'-oxo
species and replaces it with a new set of spin—orbit interactions
that yield a small negative D value (see Table 1). The
calculations for [1-Fe'YOH,]° gave similar results. Similar DFT
experiments have been performed to demonstrate the
protonation of FeVO in ferryl heme species.”*

B DISCUSSION

The influence of structural variations of TAMLs on the
properties of its iron complexes have been extensively
characterized by spectroscopic methods. These investigations
have built a catalog of spectroscopic parameters for the
different macrocycle variants. The catalog shows that despite
changes to the core macrocycle, the fine structure, and
hyperfine parameters of the TAML variants are largely
conserved for equivalent oxidation states. These relations
provide a basis for comparison for the high-valent species
found for 1. In the context of the present discussion, the
comparison to past data has allowed characterization of the

high-valent species generated from oxidation of 1, thereby
highlighting the novelty of the low pH green complex.

Electrochemical experiments demonstrated that the low pH
species was one oxidation equivalent above Fe'. The
formation of the same green species by both bulk electrolysis
and oxidation by cerium demonstrated that the structure of the
species was not a function of the oxidation process. One
possibility is an Fe''-ligand radical species. A recent paper
proposed the isolation of a corrole-based Fe'YO complex, with
the caveat that one electron oxidized Fe'" corroles often form
Fe'"ligand radical species, as opposed to true Fe'" complexes.
Indeed, the Mdssbauer isomer shifts of the proposed Fe'"
corroles are suggestive of ligand oxidation, rather than Fe
oxidation.® Fortunately, in the case of TAMLs, a Fem-hgand
radical TAML complex has been spectroscopically charac-
terized and is distinct from the new green species.'’ The spin
state, isomer shift, quadrupole splitting, and magnetic hyper-
fine parameters of the green species generated from 1
unequivocally assign the oxidation state as Fe'".

We dismiss the possibility that Fe was not in bound to
TAML since the Fe'" species of the same ligand were stable at
pH 2, the electrochemistry was reversible and MGJssbauer
parameters of Fe'¥ in water were much different.”> Fe¥ TAML
complexes can form dimers,” but the addition of out-of-plane
methyl functional groups of 1 provide steric hindrance to
disfavor dimerization. The spectroscopic data did not show
formation of dimeric species at any pH or oxidation state. We
have considered the formation of a dimeric species in which
two equal S = 1 Fe'V sites are bridged by hydroxo. An S = 2
state could result from a ferromagnetic exchange interaction
through the hydroxo bridge. However, we can rule out such a
dimer complex since the isotropic value of the A-tensor of the
green species (A;, = —14 T) is close to that of the monomeric
S =2 [4-FeVCl]~ complex (A;,, = —15 T).”" If the green Fe'
complex were dimeric, then the value of A, for an S = 1 Fe'V
site would be —28 T (Amuple = 1/2 Ag.), which is much higher
than for any other S = 1 Fe¥ TAML complex (A;, ~ 20 T)
and in general too high for iron.

The combined electrochemical and spectroscopic data
indicate that the green species prepared from 1 has properties
markedly different than all known iron—oxo TAML variants.
The generation of the green Fe'' species at low pH indicates
the green species as a protonated Fe' complex. DFT
calculations have shown that protonation on the macrocycle
was incompatible with the experimental spectroscopic data.
However, protonation of Fe'VO satisfied all experimental
constraints. DFT calculations for the S = 2 states of both [1-
FeVOH]™ and [1-Fe'YOH,]° gave zero-field splitting, isomer
shift, quadrupole splitting, and hyperfine tensor which are
compatible with experiment. The § = 2 state for the green
species, in contrast to all other Fe'YO TAMLs which are S = 1,
primarily results from disruption of the strong iron—oxo
interaction, causing a lengthening of the Fe—O bond, which
lowers the energy of the d orbital. The resulting spin state
reconfiguration is responsible for the change in isomer shift,
quadrupole splitting, and zero-field splitting relative to the S =
1 FeVO complexes, which have been described previously.”®
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Consistent with the longer Fe—O bond, the protonation of 596

FeO significantly lowers the Fe—O vibration frequency
The NRVS of the green FelV species showed loss of the FelV
O vibration at 763 cm™* present at high pH. DFT calculations
of NRVS spectra were shown to give accurate Fe—O
vibrational frequencies of all characterized FeV and FeV
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602 TAML variants and predicted a Fe—O frequency at 475 cm™'

603 for [1-FeOH]™. The predicted Fe—O vibration energy
604 overlaps with the Fe—N,..4, vibrations and is split by hydrogen
605 bonding, preventing clear confirmation of the peak assignment.
606 The combined spectroscopic data and DFT calculations
607 indicate that the low pH green species is either [1-Fe"'OH]~
608 or [1-Fe"OH,]°. The electrochemical data between pH 2 and
609 3 indicates that the protonation state of the complex does not
610 change for the Fe"™V transition. At pH 2, the Fe*" complex has
611 an axial H,0; therefore, upon oxidation the green species is
612 either [1-Fe'VOH,]° or [1-Fe™YOH™ + H*]° in which a proton
613 has transferred from the axial water to the macrocyclic ligand.
614 Alternatively, the proton transfer may not be electron coupled
615 and the oxidized complex of the spectroscopic samples is [1-
616 FeVOH]".

617 Fe"O in Context of H Atom Abstraction. FeVO has
618 been implicated in the key reactive step in hydroxylation of C—
619 H bonds by P450 Type enzymes. These enzymes employ a
620 heme iron to activate oxygen to generate a two-electron
621 oxidized Compound I species (Cpd-I), which is an FeVO-
622 porphyrin radical species. Cpd-I then abstracts an H atom from
623 the substrate to generate Cpd-II (Fe'OH) and carbon radical
624 on the substrate. This species is highly reactive, and rapidly the
625 iron-bound hydroxide rebounds to the carbon radical to
626 generate the hydroxylated product and Fe™ porphyrin. The
627 stabilization of a protonated Cpd-II, and preference toward
628 productive oxidation of substrate (rather than harmful
629 oxidation of the protein) has been correlated to the pK, of
630 the iron oxo unit. In thiolate-ligated P450 enzymes, the pK, of
631 the Fe™VO is 11.9." In Myoglobin-type enzymes, where
632 oxidation chemistry is not desired, the measured pK, of the
633 Fe'VO is approximately 2.>” The low pK,’s of myoglobin and
634 horseradish peroxidase prohibit generation of Fe"OH under
635 physiological conditions and thus prevents undesired hydrox-
636 ylation via a protonated Cpd-IL

637 Protonation of the iron—oxo unit has proved to be
638 remarkably difficult for synthetic complexes. To date, attempts
639 to make synthetic analogs have been unsuccessful. The
640 chemistry of TAML compounds has been shown to have
641 similarities to that of P450. The Fe™ TAML is activated to the
642 Fe'O state (formally equivalent to the oxidation state of Cpd-
643 1), which abstracts an H atom from the substrate.”® An
644 FeVOH and substrate radical have been proposed to be the
645 transient state following H atom abstraction, but to date, this
646 intermediate has not been trapped. Interestingly, OH® rebound
647 has been suggested in reactions of 3 with alkanes to be an
648 unproductive pathway: OH°® rebound from the purported
649 FeVOH to generate the oxidized product and the reduced
650 Fe™OH, complex, which undergoes rapid comproportionation
6s1 with Fe¥O to from the catalytically inert u-oxo-Fe'", product.””
652 Kinetic studies showed that the comproportionation reaction
653 rate was 10°-fold faster than the rate for C—H bond activation.
654 Rapid generation of the p-oxo-Fe'Y, product effectively
6ss stopped all further reaction and limited the yield of oxidized
656 product to 50%.

657 While past TAML complexes had been inactivated via
658 dimerization following OH® rebound, the steric effects of the
659 aliphatic 1 macrocycle prevent dimer formation. As discussed
660 above, dimer formation was rapid following H atom
661 abstraction with 3. In the case of 1, the inability to form
662 stable dimers perhaps increases the stabilization of the Fe'"OH
663 species during turnover and possibly allows OH® rebound as
664 the major substrate oxidation pathway. Furthermore, the
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stability of the high-valent oxidation states of 1 in pure water is 665
unique among all TAML variants. Previously, 3 was shown to 666
stabilize Fe'O in up to 70% water and shows better reactivity 667
of toluene oxidation as the amount of water was increased (60- 668
fold increase in toluene oxidation in 70:30 H,O/CH;CN vs 669
pure CH;CN).*” The authors suggested that the H-bonding 670
interactions with the water solvent played a role in stabilization 671
of the transient Fe'VO species and lowering of the Fe—O bond 672
dissociation energy, thereby increasing the rate of reaction. 673
Thus, the unique stability of 1 complexes in water could 674
contribute to the stability of the Fe'YOH species and possibly 67s
the design of synthetic complexes stable in aqueous environ- 676
ments could bolster the development of subsequent synthetic 677
FeVOH complexes. 678

The [1-FeVOH]™ or [1-Fe™OH,]° complex was stable 679
below pH 2, whereas at higher pH the complex decayed to 6s0
Fe'"' species with ligand degradation. Its instability above pH 2 681
and the instability of [1-Fe'VO]*~ below pH 10 would suggest 652
a pK, in the range of 2—10. It is difficult to place this pK, in the 683
context of other TAML variants, given that all other TAMLs 684
can only generate high-valent species in organic solvents or 6ss
under very basic conditions. In the context of heme enzymes 686
capable of supporting a protonated Cpd-1I, the pK, of Fe"'O 1 687
is low. For P450, the Cpd-II species has pK, of 11.9, which is a 688
function of the increased basicity induced by the axial thiolate.” 6so
In contrast, histidine ligated hemes, such as Mb and HRP, have 69
pK, values of <2.7 and <3.6, respectively, and cannot easily 691
support a protonated Cpd-IL*” The 1 macrocycle, with no 692
thiol coordination ligands but with greater electron donation 693
from the macrocycle, has a pK, closer to that of HRP and Mb. 694
Fortunately, in the case of 1, the pK, is sufficiently high to 6
allow isolation of a novel Fe'YO complex. 696

H CONCLUSION 697

The first axially protonated synthetic Fe'VO complex has been 695
generated and spectroscopically characterized. At pH 2, the 699
stable complex is either [1-Fe™OH]™ or [1-Fe™'OH,]%. DFT 700
calculations demonstrate that the spectroscopic parameters of 701
the green complex are compatible with either configuration. 702
While previous TAML variants are believed to transiently form 703
FeVOH species, the Fe'YOH species presumably rapidly 704
dimerizes to other complexes, making detection difficult. The 70s
steric bulk provided by the replacement of the aryl group with 706
the —CMe,CMe,— unit in 1 prevents dimerization in all 707
oxidation states over a wide pH range, thus allowing the 708
generation of either [1-Fe™YOH]™ or [1-FeOH,]° in near 709

quantitative yield from oxidation of 1. 710
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